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Infrared Absorption Spectra of Some Hydroperoxides,

Peroxides; and Related Compounds

0O.D. SHREVE AND M. R. HEETHER,
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interpreted. ~On the basis of empirical analysis of the spectra of the hydro-

peroxides and their parent compounds
hydroperoxide group gives rise to a

it has been tentatively concluded that the

characteristic absorption band near 12 mi-

crons. Study of the spectra of peroxides indicates that the peroxide linkage
probably givesrise to a strong absorption band in the 10~ to 12-micron region, but
the frequency corresponding to this band is sensitive to changes in the structure
of the groups attached to the peroxide linkage. The spectra are primarily in-
tended to serve as reference data in the application of infrared spectrophoto-
metric methods to the analyses of autoxidation mixtures.

HE formation of peroxidic substances during the reaction

of unsaturated materials with oxygen has been known for &

long time, but the structure of these reaction products, as well
as the mechanism of their formation, bas not been completely
established. Originally, it was proposed that all the oxygen
combined directly with the double bond, yielding a product which
was saturated and contained some kind of cyclic peroxide struc-
ture (9-13). The recent isolation from oxidized nonconjugated
olefins of pure a-methylene hydroperoxides, in which the double
bond was still intact (7, 17, 18, 21), suggested to some investiga-
s that hydroperoxides must be the initial products of oxidation.
Jonsideration of the high energy requirements for hydroperoxide
‘formation, however, coupled with the fact that conjugated com-
pounds containing o-methylene groups autoxidize by addition
of oxygen at the double bond, prompted Farmer (14-16) to
suggest that autoxidation of olefins is universally initiated by
addlt’:ion of oxygen at the double bond of a few molecules only
formx‘ng free radicals. Subsequent reaction occurs by chair;
reac':t'lons in which the free radicals attack the a-methylene
position. In contrast to this, Hilditch and co-workers (2, 20)
have reported that at 20° peroxidation of methyl oleate occurs
to a large extent at o-methylene groups, whereas at significantly

higher temperatures double bond attack predominates. Bolland
and Hughes (5), however, have reported that in the autoxidation
of the polyolefin, squalene, two of the oxygen atoms form a hydro-
peroxide group and the remaining two form an intramolecular
peroxide ring.

These differences in opinion have prompted the authors to
consider the use of a physical method in studying the nature of
the peroxidic substances formed during the initial stage of oxida-~
tion. The main advantage of a physical method in oxidation
studies would be the possibility of eliminating the need for iso-
lating labile substances present only in small amounts.

In a relatively short time, infrared spectroscopy has achieved
marked success in the qualitative and quantitative determination
of oxygen-cont‘aining functional groups, in a large number of
both .short»cham and long-chain compounds (1, 3, 4, 24, 26).
T s e e, i e

) ew 1 rared spectroscopy been
e.mployed in oxidation studies (6, 8, 19, 22). In these investiga-
tions, however, no report was made of the use of infrared tech-

niques in determining the nature of the peroxidic substances
formed.
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Figure 2. Infrared Spectra of Pure Hydropecroxides and Parent Compounds
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standard Beckman liquid cell,
Tetralin hydroperoxide, a solid,
Was run as a 109 solution in
carbon disulfide. Benzoyl
peroxide, whose solubility in
carbon disulfide js compara-
tively low, was run as an gp-
proximately 49, solution,
Materials Used. Tetralin;
Tetra.li_n hydroperoxide, melt-
ing point 54.0-54.5°; cumene
ydroperoxide, boiling point
65°at 0.1 mm. and ny 1.5221;
cyclohexene; cyclohexene hy-

roperoxide, boiling point
4041° at 0.2 mm. and njp
1.4892; lert-butyl hydro-

peroxide, boiling point 34.5-35°
at 13 mm. and n3$ 1.3987; and
di-tert-butyl peroxide, boiling
point 38.3° at 51 mm and n3$
1.3865, were prepared as de-
scribed in a previous publica-
tion (23). Cumene (isopropy]l-
benzene), boiling point 152°
and n3f 1.4910, and tert-butyl
alcohol, boiling point 82° at
748 mm. and n¥ 1.3878, were
obtained by efficient fractional
distillation” of the purest com-
mercial grades. Benzoyl per-
oxide was the purest commer-
cial grade and was used as re-
ceived. Methyl oleate hydro-
peroxide (purity 699%) was sup-

-plied by C. E. Swift of the
gouthern Regional Research
Laboratory.

DISCUSSION OF SPECTRA

The spectra o1 the four pure
hydroperoxides studied (tert-
butyl hydroperoxide, cyclo-
hexene hydroperoxide, Tetralin
hydroperoxide, and cumene hy-
droperoxide) and those of the
parent compounds from which
they are derived are shown in
Figures 1 and 2. Figure 3
shows the spectra of two pure
peroxides. Sample form is indi-
cated in the lower right-hand
corner and exact wave-length
positions of absorption maxima
are indicated on each curve.

Common Absorption Bands
Attributable to Vibrations of
Hydroperoxide Group. Be
cause of the importance
hydroperoxides in studiesj of
oxidation mechanisms, it is of
primary interest to examine
the spectra of Figures 1 anq 2
for absorption bands - which

might be related to vibrations
of the O—O—H (hydropef—
oxide) linkage. All bands in/
aninfrared spectrum arise from
vibrations of the molecule as a



whole, and it is not strictly
correct to think in terms of
vibrations of a particular link-
age within the molecule.
Nevertheless, it is a well-known
empirically established fact
that many functional groups
and specific structural units do
give rise to bands whose fre-
quencies are' substantially in-
dependent of the structure of
the remainder of the molecule.
One band whose wave-length
position can almost always be
relied on to remain nearly con-
stant with change in molecular
structure is that due to O—H
stretching vibration. As ex-
pected, all four hydroperoxides 20
exhibit this band near 2.8
microns. Comparison with
the tert-butyl alcohol spec-
trum indicates no appreciable
difference between the hydro-
peroxidic and the alcoholic
O—H stretching frequency. Dilution with carbon disulfide
shifts the O—H absorption maximum to shorter wave length
in both cases, indicating considerable hydrogen bonding in the
condensed state.

In attempting to select an absorption band that might be
attributed to vibrations within the hydroperoxide group, or
vibrations of that group moving as a unit, it seems best to con-
sider first the spectrum of feri-butyl hydroperoxide in relation
to that of its parent compound, tert-butyl alcohol. These com-
pounds differ only in the substitution of 0—O—H for O—H in
the molecule, and their spectra are less complex than those of the
other compounds of Figures 1 and 2. The following bands which
appear in both spectra can be assigned with reasonable certainty
as indicated: a band near 2.8 microns due to O—H stretching;
bands near 3.3 and 6.8 microns due to C—H stretching and bend-
ing respectively; a band near 7.3 microns related to symmetrical
deformation vibrations of the methyl groups (3, 26); and two
bands at 8 and 8.4 microns related to vibrations of the tert-
butyl structure (4, 26). The two bands at 9.8 and 13.4 microns
are of uncertain origin, but both are present in both spectra. Thus,
the only marked consequence of replacing O—H by 0—O0—H
in this case is the disappearance of the strong band at 11 microns
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(possibly related to OH bending motions in the —C—OH struc-

ture) and the appearance of two new bands, a weak one near
11.3 and a strong one near 11.8 microns. From this it is con-
cluded that if a band exists between 2 and 15 microus (other than
the O—H stretching band ) which can be attributed to a vibration
within the hydroperoxide group (or of that group moving as a
unit), the 11.3- and 11.8-micron bands represent the ‘only pos-
sibilities. Because bands arising from vibrations of oxygenated
groups are usually strong, the strong 11.8-micron band is the
~most likely choice. )

Having thus established a limited spectral region as a definite
possibility, it is now of interest to examine the spectra of the
remaining three hydroperoxides in relation to those of their parent
compounds in the vicinity of 11.8 microns. On so doing it is
found that each of the three does indeed exhibit an absorption
band near 12 microns which is absent in the corresponding
parent compound.

The argument for assigning the band near 12 microns to a
vibration of the O—O—H group is strengthened on further con-
sideration of the cumene and cumene hydroperoxide spectra.
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Figure 3. Infrared Spectra of Two Pure Peroxides

In general, the introduction of a substituent into a ring compound
brings about marked changes in the spectrum. Because the
preparation of cyclohexene and Tetralin hydroperoxides involves
the introduction of 0—O—H group into a ring, the spectra of these
compounds do not retain many of the spectral features charac-
teristic of the parent compounds. In the case of cumene hydro-
peroxide, however, no new substituent has entered the ring and
most of the spectral features of the parent cumene persist in
the hydroperoxide spectrum, although some wave-length shifts
and changes in intensity are apparent. The following bands
which appear in the cumene spectrum are usually observed at
approximately comparable wave lengths in a variety of mono-
substituted aromatic compounds: the strong bands at 13.2 and
14.3 microns associated with the benzenoid structure; sharp
bands near 9.3 and 9.8 microns; two bands near 6.2 and 6.7
microns;‘ the 3.3- and 6.9-micron bands; and the doublet near
7.2 and 7.4 microns. The last bands mentioned are related
to C—H stretching, C—H bending, and methyl group deforma-
tion, respectively.” The additional sharp band seen in the 9- to 10-
micron region (near 9.6) may possibly be related to vibrations
of the isopropyl group in this compound, although a shorter
wave-length range has been assigned to vibrations of this group
(4, 26). All these bands persist in the cumene hydroperoxide
spectrum, if it can be assumed that the 9- and 9.3-micron bands
in the hydroperoxide represent the 9.2- and 9.6-micron bands
shifted to somewhat shorter wave length and that the 6.2-micron
band has merely undergone a decrease in intensity. Thus it
would seem that all but three of the strong bands in the cumene
hydroperoxide spectrum can probably be assigned to various vi-
brations of the cumene residue in the molecule. This leaves three
strong bands to account for. Of these three, the two at 7.9and 8.7
microns (unlike the 12-micron band) are not common to all four
hydroperoxides. This leaves the strong 12-micron band as the
most probable assignment to a vibration involving the peroxide
linkage in the O—O—H group or possibly a bending motion of the
hydroperoxide group as a unit.

Because of the complications incident to ring substitution, the
assignment of the 12-micron band to a vibration of the hydro-
peroxide group in cyclohexene hydroperoxide and Tetralin
hydroperoxide is less certain. However, in view of the above
arguments for the probable reliability of the assignment in the
cases of tert-butyl and cumene hydroperoxides, together with the
fact that the band does appear in all four cases, the authors have
tentatively concluded that the presence of the hydroperoxide



group in an organic molecule gives rise to an absorption band in
the vicinity of 12 microns.

Aside from the assignments already mentioned, no further
interpretation of the complex cyclohexene and Tetralin hydro-
peroxide spectra will be attempted. One interesting feature
of the cyclohexene hydroperoxide spectrum, however, should be
noted. While the 6-micron C = C stretching band in the cyclo-
hexene spectrum is only moderately strong, the intensity of this
absorption in cyclohexene hydroperoxide has been greatly en-
hanced. The change in molecular symmetry resulting from
substitution of the O—O—T group on a carbon adjacent to the
double bond has evidently brought about a marked increase in
the infrared activity of this vibration.

Included in" Figure 3 is an absorption curve run on methyl
oleate hydroperoxide (purity 69%). The broad absorption near
11.7 microns represents a considerable increase over that ob-
served in the spectrum of a sample of pure methyl oleate. Some
of this increased absorption probably arises from the hydro-
peroxide groups present, but conclusions on this point must
await the availability of a pure sample of methyl oleate hydro-
peroxide, which the authors are now attempting to prepare.
The failure to observe a stronger increase in absorption in the
12-micron region than was actually obtained might seem sur-
prising. It has been observed, however, in studies (24, 25) of
other oxygenated long-chain compounds containing oxirane and
hydroxy groups, that in the liquid or solution state the absorp-
tion bands attributable to these oxygen-containing groups are
broad and weak, whereas in the solid state they are sharp and
intense. This suggests that infrared spectra of mixtures of
oxidation products be determined at low temperatures in the
solid state to bring out bands which are broad and weak in the
liquid state. The strong O—H stretching band near 2.8 microns
arises from hydroperoxidic hydroxyl and -other types of hy-
droxyl groups present in this complex mixture. The strong band
at 10.36 microns (not present in methyl oleate) is characteristic
of trans-octadecenoic acids and esters, thus indicating that geo-
metric isomers may be formed under the oxidizing conditions
employed in preparing this mixture from methyl oleate.

PEROXIDES

Only two pure peroxides were available for study at the time
of this report. - Their spectra are shown in Figure 3.

Di-tert-Butyl Peroxide. The spectrum of this compound

- bears a strong over-all resemblance to those of tert-butyl alcohol
and tert-butyl hydroperoxide. From the discussion of the latter
two spectra it will be clear that all bands in the di-tert-butyl
peroxide spectrum can probably be attributed to vibrations of
the alkyl residues, with the exception of the strong band near
11.4 microns and the very weak band at 11 microns. Thus by
reasoning similar to that employed in the analysis of the tert-
butyl hydroperoxide spectrum it may be concluded that the 11.4-
micron band is the only band that could possibly be related
to vibrations of the peroxide linkage in this molecule.

Benzoyl Peroxide. Although, in view of the above, this com-
pound might have been expected to show an absorption band
near 11.4 microns, no such band is present. In the benzoyl
peroxide spectrum only three strong bands occur in the longer
wave-length region. That at 14.3 microns is related to vibra-
tions of the phenyl ring (4, 26) and that at 8 microns is very likely
related to a C—O stretching vibration (4, 24-26). 1If, therefore,
any band is assignable at the present time to a vibration of the
peroxide linkage, the 10-micron band represents the most prob-
able choice. Thus if the highly tentative assignment of the 11.4-
micron band in di-tert-butyl peroxide and the 10-micron band in
benzoy! peroxide to a vibration of the O—O linkage is correct in
both cases, the vibration frequency involved must be sensitive to
changes in the structure of the two groups attached to the 0—O
linkage. Although the authors have not yet studied additional
pure peroxides, infrared spectra of several additional peroxides

(some claimed to be pure and others of uncertain purity) are
included in a commercially available catalog of spectra. Ex-
amination of these spectra reveals the interesting fact that those
containing aryl groups attached to the peroxide linkage (phthaloyl
peroxide, p-chlorobenzoyl peroxide, and benzaldehyde peroxide)
all show ‘a strong band near 10 microns in common with that ob-
served in benzoyl peroxide. Two acyl-type peroxides in this file
show common absorption near 9.4 microns. Several others con-
taining widely variable substituent groups show no common band
that could be attributed to a vibration of the peroxide linkage.

From these observations, it seems likely that absorption due
to the peroxide linkage will vary widely with the nature of the
attached groups. In view of the existence of a common band
(10 microns) in the four aryl peroxides mentioned above, how-
ever, it may be possible to assign a fairly narrow wave-length
range to this type of vibration in each of several classes of per-
oxides whose individual members are closely related.

COMMENTS AND CONCLUSIONS

The potentialities of the infrared method as applied to any
type of chemical problem cannot be assessed until spectra of
appropriate pure compounds are available for reference. Thus
the spectra presented here should be useful in connection with the
possible application of this method to a wide variety of problems
involving peroxides and hydroperoxides. When sufficient
reference spectra of this type are available, it may be possible
to distinguish various_ types of peroxide compounds involved
in oxidation and other studies and to determine one type in the
presence of others by this physical method of analysis.
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